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ABSTRACT 


Pulse shaping of periodic relativistic electron pulses 
generates patterns of Cerenkov radiation distinctive of the 
Gs tra buts on of’ charge! wit han’ ac bunich:. Computer simulation 
napped the radiation pattern of the level, triangular, 
trapezoidal, rounded, Gaussian, level plus sinusoidal 
ripple, and multiple hump charge distributions. Each shape, 
with exception of the -level plus ‘sanusoidal, ripple, 
generates a series of radiation patterns unique to that 
shape. This research provides a basis for determining the 
shape of a current pulse based on the radiated energy 


pattern. 
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A charged particle or a group of charged parereves 
moving at greater than the velocity of light in a medium 


will interact with the material to generate a continuous 


spectrum of electromagnetic radiation. Mallet and Cerenkov 


conducted experiments, in the 1920’s and 1930’s, which 
discovered and provided an explanation for the radiation. 
Frank and Tamm, in 1937, developed the theory for the 


process {Ref. I:pp.=-15). Recent work has concentrated on 


the radiation from periodic bunches of electrons and effects 


due to a non-infinite interaction region [Ref. 2] [Ref. aie 

The shape of a group of charges influences ens Spaetees 
of radiation produced. Mapping the radiation pattern from 
different charge shapes may provide insight into whether 
charge pulse shapes can be determined from observed 


radiation patterns [Ref. 4:pp.1994, 1996]. 


II. BACKGROUND 


A. THE CERENKOV EFFECT 

Theveleetriesiield of ‘a buneh of ‘electrons “moving slowly 
through a medium polarizes the atoms of the medium so that 
the positive nuclei are displaced toward the electron bunch, 
and the negative electron clouds away. At any particular 
time, the medium is polarized in the region near the 
mrectron bunch, prodicing a’ dipole. An electromagnetic 
pulse is generated by the formation and disappearance of the 
dipole as the bunch passes. The electromagnetic pulse 
propagates away from the dipole source at the velocity of 
light in the medium. The distance between wave fronts is 
compressed as the velocity of the electron bunch increases. 
foes effect {is similar to the doppler effect!) for sound 
radiated from a moving source. The electromaynetic field 
proeduced is’ calléd sub-Cérenkov radiation ({Ref. 5:pp.3-4] 
Bret. 6]. 

{if the electron bunch is accelerated to a velocity 
greater than light in the medium, the pulse source velocity 
is greater than that of the propagating electromagnetic wave 
which transports the energy. The result is a wavefront 
where the eminated wavelets bunch together in phase. Tas 


suockfront of electromagnetic radiation is Cerenkov 


Figure l. 


Radiation Shockfizent 


Parerere 


Radiation Shockfront 


Padiatvon )— that radiation'emitted when ,the.velocity,of a 
charged particle exceeds the velocity of light in a medium 
Peetees5ippt4 sip iRef.«64: 

Figure | shows the resultant Cerenkov radiation plane 
wavehronkeBeriromes \partdclesitravelung from A to _B. Wave- 
iets \fromi points ,)0\to.5\ are coherent: along wavefront BC. 
The angles O6cis' givens by the "Cerenkov relation": 

Cosesicd = l/Bn : Gals, 
where n is the refractive index of the medium and & is the 
aoawoe or thei velocaty. of. the. particle, to the velocity of 
mont Uma acum hl, Red tyoo pp. 4-56 upRet 226 ]3 From the above, 


the following is observed: 


1a 


ile. There is’ a threshold velocity A min 


Howsaararhen appears (Ref. Sip.5]. 


l/n, below which 


ae In the limit B = 1, there is a maximum angle of 
emission: @max = Cos”! fate ata Ne et my opt Drs.6. | 
a2 In a gas, 9c has only a slight dependence on electron 


velocity because B must be close to one in order to 
obtainsthe Gernenkov, condition.[Ref. 3:p.3249]. 


4, Radiation occurs mainly in the visible and near 
YeSubleVvrepton ter '* whieh n> 1. In the s-ray region, 
above atomic resonances, n 1s usually less than 1; 
therefore Cerenkov radiation in the x-ray region is 
WotuEproObabbeow. Raf. nsip.s2o2.L,iRef., S2p.6). 


. 


Azimuthal symmetry of the wavefront produces a cone of 
madaca ta on : Bhe*distrabutron,on @r,of thellight tntensity 


Bpproximates to,asdelta,function. [Ref..5:p.6i/. 


Be FINITE INTERACTION LENGTH 

Radiation from the polarized molecules along the path of 
the electron beam is formally equivalent to diffraction from 
a single slit with plane waves impinging on the siit at 
angles far from normal incidence. Thus, the previous 
discussion dealt with the case where the path length is 
infinitely omnis Passing an electron beam through a gas 
cell of finite length causes the radiation to increase in 
power and to be spread over a range of emission angles 
instead of having a sharp Cerenkov angle, 9c. Hai S 
increased power (up to 2 orders of magnitude for a gas 
medium) and the spreading effect are dependent on the medium 
length, and independent of bunch structure [Ref. 3:pp.3246, 
8251-3252 |. The spreading is asymmetric about the Cerenkov 
cone and the radiated power has interference lobes. The 
main lobe is peaked at an angle greater than the Cerenkov 
angle and there is significant power in the other 
interference lobes [Ref. 7:p.14]. As thé ‘finite “Bensen 
increases, less spreading and less power increase occurs, 
and the position of maximum radiation decreases slowly to 
the Cerenkov angle. In addition, the resulting ' rad@at ron 
intensity is modified by the Fourier transform of the 
spatial distribution of charge within the bunch. The 
frequency distribution from a single charge bunch is 


continuous [Ref. Si pp- 3248-3252). 
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Gr. PERIODIC ELECTRON BUNCHING 

If periodic bunches of electrons, instead of a single 
eharge distribution, are sent through a medium, Cerenkov 
Gadtatpron at harmonics of the,;bunch frequency results. At 
the lower harmonics, such that the wavelength of emitted 
Paagtation is larger or on the order of the bunch size, the 
electrons radiate in phase and cause increased radiated 
power, even at microwave frequencies [Ref. 2} 


LP J 


fot. 3>p.3246). At higher harmonics: Ref 3:pp.: 


Co 


246, 


lg Destructive interference, described by the Fourier 
transform of the charge density, decreases intensities 
with increasing frequency, until incoherent radiation 
takes over when the wavelength of the radiation is 
much less than the electron spacing. 


eh The observed radiation peaks occur at smaller angles 
more closely spaced. 


Ae 


The angle of peak power decreases. 


A The percentage of total power in the first lobe 
decreases. 


D. CALCULATION OF RADIATED POWER 
For periodic bunches of electrons, the power radiated 


Mer unit solid angle at frequency ()) is: 


Bete N TA. et 28 7 i N tt fs \ 
F(k) [eo eet Bnei e le Gane} 2 


1 


The parameters describing the radiation are: 


ae, 
u ; Cos 8c Cos 9) 33 
9 
Silay 
Gc en : : = ( 4 } 
u 
ae Ww Ww vw = 
kk ny a ial = a, a} 
( y « Vv 
oo oD [ova) 
, > 42> 
f° ki} > dx dy dz. exp) =x ker | Ao(r) (U1S3), 
=o) “=—5) =o) 
ad ’ 
= q FC(k) (7) 


where Me» on » and ns are components of the unit vector n in 
the emission direction, Y is the frequency of the emitted 
radiation, and L is the length ot medium interaction. The 
total charge of one bunch is q, distributed over a charge 

, ae Bed . : fae ec 
distribution Jo(r) with Fourier transform 4o(k), and F(k)*as 
the non-dimensional form factor. The bunch frequency M is 


+ 


the electron velocity a 


equal to vided by the electron buneh 


Spacing, and ¥ is the frequency of the emitted vradtattvona oad 
harmonic of y, (Ref. S2pssZ2¢s) 2 

An alternative expression for the radiated power 15 
given by the expression: 


LF | 
x 


A Sele a ; 
WEY. nn) =-cons tant wef Gk HG (nB, @) aeesyiisal Ui (8) 


2 


and n in the expression for G is the index of refraction. 


WD) 
~ 
G (nB,@) is the Cerenkov radiation envelope. It s equal to 


in 


wero at 0 OMand S.-W and has a pole at 6c. The 
Padiation, as described by equation 8, is maintained finite 


“ao = Oc because Sin. u at @ = Gc is identically zero 


BE. BUNCH PROFILE DETERMINATION 

The bunch form factors are fourier transforms which 
differ depending on the charge distribution within a bunch. 
Moe a -point,charge, the form factor,is identically .one. For 


anys charge distribution of non-zero extent, F(k) must be one 


Pigeon 10) sand .tableoctfiicas-a function cof ok: Here we consider 
amy, line eharges so that F(k) = FC ka) and ka goes to zero 
oO 
aoe DO». Thus there wili always be an enhancement of the 
oO 


radiation pattern near 90 as a result of the maximum value 
Seeche form-factor ,at,.that angle. This effect is always 
present, but is overshadowed at low frequencies by the 
(broadened and shifted) Cerenkov peaks. As noted 
previously, at higher harmonics the Cerenkov power radiated 
in the forward direction decreases as a result of loss of 
coherence between bunches, and in this situation, the 

fe) 


enhancement at @ = 90 from the form factor becomes 


dominant {Ref. 4:pp.1994-1995]. 


i3 


A complete angular map of Cerenkov radiation p 
F . Rae} 
may be used to characterize the propemares on relatuy 


beam pulses, and may enable one to determine the beam ¢ 


charge distributions from measured radiated patterns 
{[Ref. 4:p.1996]. This work was undertaken to assess the — 

; ic 
differences in radiated patterns from a number of 7 


. 


differently shaped electron beam charge distributions in 


—_ 


order to determine some of the problems associated with 


obtaining electron bunch profiles from radiation pattern 


measurements. 
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Tif. CALCULATIONS AND RESULTS 


Professors X. K. Maruyama and J. R. Neighbours of the 
Department of Physics, Naval Postgraduate School, Monterey, 
California, developed a computer program to calculate and 
plot angular maps of the radiated energy per unit solid 
angle for a given form factor. The program considered the 
following one dimensional (i.e. in 2 only) beam charge 
austributions: Gaussian, level (i.e. boxcar), level plus a 
Sinusoidal ripple combination, and a doubie hump. Phas 
author modified the program to perform calculations also for 
mame: trapezoidal, rounded, triangular, and multiple -hump 
charge distributions. Figure 2 diagrams the beam pulse 
shapes and presents the corresponding form factor 
expressions. ; 

To determine information from each type of charge 
distribution, calculations of radiated energy were performed 
using the following parameters: 

1G 5 Beam Energy: 27 Mev 

Zi. Pulse Frequency: 50 MHz 

Pos Pulse Length: .8.3 nsec, 1 meter 

4. Instantaneous Beam Current: 400 amperes 
he Path Length in Air: 10 meters 


Oo 


Bs Cecenkov angle, Oc: U.71o (tor n-=—) , 000263) 
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Level 


Sin kd 

9, (2) F(x) c z 

k_d 

z 

-d 0) d 
Triangular 
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F(k,) = 


k? (> + 4) C= “b)- 


Q(z) 
k 
2 Sin — (d + b) - Sin kb - Sin kd 
2 
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Figure 2. Electron Beam Charge Bunch Shapes 
and Corresponding Form Factors 
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Gaussian 


where b = bunch size 


Level Plus Ripple Pik os —— 4 


R ( Sint(k. — kid Sin Gk Gk.) 4 
Ss ————_4.__2— 5, ——___i_0- _ 


2 (k, - ky) d (k, + k,) d 


where R = B/A ky = 27/XA 
Multiple Hump Mie ee ee 
Zz 
k_d 
| 1 
2Nn-3 \| 2N-5 \j 
Sin kd aca || Sin k_d|—— ] 
2N-1 PNON=1 J 1 
sss Fs pe late a 
kid | kid | 
N = 2~<J N = 3</ 
-d (0) d where N = number of humps 


Figure 2. Electron Beam Charge Bunch Shapes 
and Corresponding Form Factors 
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Radiated energy from each pulse shape form was calculated 
and plotted for the lst through I2th,) 1Sth, 2th ere am 
36th, 42nd, 48th, S4th, and 60th harmonics of the SOs 
base frequency. The 6th harmonic equated to a radiation 
wavelength of the same size as the electron bunch, 
approximately 1 meter. Multiples of the 6th” harmonic 
corresponded to multiple numbers of wavelengths within the lI 
meter length (i.e. 60th harmonic equated to a radiation 
wavelength of 0.1 meters, and al meter electron bunch is 10 
radiation wavelengths long). Beam pulse charge 
distributions of varianle geometry were initially restricted 
as follows: 

WW The level plus sinusoidal ripple combination function 
consisted of a ripple of 3 complete cycles with a 
maxiinum amplttude of one half the jevel funetion 
height. 

age The multiple hump function consisted of % humps, one 
at each end of the pulse. The length of the hump for 
a 2 hump function is one third of the pulse length: 
(Note: the length of the hump = (2N-1)7! times the 


pulse length, where N is the number of humps. ) 


3 The rounded and trapezoidal functions had a top length 
equal to one half their base length. 


Appendices A through G contain the radiation intensity 


plots. In each case the radiated energy dimensions are 


watts per unit solid radian angle. 


A. LEVEE EUNC TION 
Figure 3 shows the radiation intensity lobe development 


between the Ist and 12th harmonics. For’the st throush len 
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harmonic the radiation patterns are characteristic ©f poms 
charges; that is, the radiation wavelengths are long 
compared to the length of the electron bunch. Consequently 
Kk > is small over the entire range of angles and UB Glse) never 
departs significantly from unaty. 

Beginning with the Sth harmonic the effect of the form 
factor becomes apparent, and by the 6th harmonic the form 
factor pattern is well developed. In general,-as’ the thar— 
monic number increased, the radiation lobes have smaller 
angular separation and approach the Cerenkov angle. For 
these parameters, the Cerenkov interference lobes have been 
replaced by the oscillating pattern whose envelope is 
related to the form factor at the sixth harmonic. Beginning 
with the 6th harmonic, with the radiation wavelength equal 
to the charge bunch length, the radiation pattern takes on 
the characteristics of the Fourier transform of the bunch 
shape. The oscillating radiation pattern is contained in an 
envelope given bv the square of the sinc function (sine x = 

QO 
(Sin x)/x}, centered at @® = 90 , and modulated by the 
Cerenkov radiation envelope. The 6th through [2th harmonic 
radiation plots show the development of the envelope of the 
squared sinc function-—-periodic increase and decrease of 
the first interference lobe and the production of subsequent 


lobes. Figure 4 is a radiation intensity plot for the 20m 


harmonic. It shows the envelope of the square of the since 
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Figure 4, Level Function 30th Harmonic (1.5 GHz) 
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function modulated on the Cerenkov Radiation envelope. 
Other level function radiatrom intensity plots are gon pose 


in Appendix A. 


B. TRIANGULAR FUNCTION 

ror the Ist through bkilth harmonic the tiitanpubliar 
function exhibited the characteristic radiation patternieiaaem 
point’ charges traveling through a finite length. For the 
ist through 3rd harmonics, as the harmonic increased, the 
triangular function interference lobes shifted to a lower 
angle with decreasing angular separation. Because of the 
increase in the Cerenkov radiation envelope, as ® decreases 
to @c, the lobe peaks increased. For the 3rd through Sth 
harmonic, the lobe shift and decreasing angular skparatnee 
continued, however the first lobe of each harmonic decreased 
as a consequence of the decrease in the Cerenkov radiation 
envelope as Opdecweases from Oc to 0. At the 6th harmonwve; 
with the radiation wavelenyth the same as the bunch length, 
the radiation pattern envelope began to shift to a 
relatively symmetric pattern centered around ® = 90 

Beginning with the [2th harmonic, with the radiation 
wavelength equal to the average width of the function (1.8. 
one half the function’s base length), the envelope of the 
radiation pattern takes on the characteristics of (toe 
Fourier transform of the charge bunch shape. The 


interference lobes are contained in an envelope given by the 
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PRS) 


4th power of the sine function modulated on the Cerenkov 
radiation envelope. Lhe fourth power of the sine funietaom 
greatly reduces the side lobes. Analysis of the zeroes of 
the lobe envelope indicates the triangular function has an 
equivalent charge shape length, for radiation wavelength 
comparison, of one half the triangular function base lengethe 


Figure 5 is the fwadiation intensity plot for thewsvieh 


i.) 


harmoni Tt shows the fourth power of the sinc function, 
with its suppressed sidelobes, modulated on the Cerenkov 


radiation envelope. Other triangular function radiation 


intensitv plots are contained in Appendix B. 


C. TRAPEZOIDAL WUNCTION 

For the Isitetthrough Sth harnonke, the bpaceramced 
function interference lobes closely resemble the triangular 
function lobes: The difference is that the first peak and 
subsequent peaks, to a lesser extent, are less intense than 
the triangular function lobes. As the harmonic number 
increases, the degree of intensity decline increases. At 
the 6th-harmonic the peak of the first Lobe Sis one halt vag 
the triangular functions fhirst peak 

At the 9th harmonic, with the radiation wavelength equal 
to the average width of the function, the interference lobes 
take on the characteristic of the Fourier transiormor eae 
bunch shape. For the Yth through 60th harmontvege tne 


trapezoidal function interference lobes are between the 
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peiancular and level functions previously deseribed. Figure 
6 compares the 30th harmonic radiation intensity plots of 
ape triangular, trapezordalyrand level functions. The side 
bobes of the level and trapezoidal functions are not as 
Supressed as in the triangular function. This 1S expected 
Emnee a trapezoid can be considered a triangle with the 
emaes pulled out, or a rectangle with the sides pushed in. 
Further analysis was conducted at the [8th harmonic by 
warying the top length of the function from 99.9 cm to 0.1 
em. Figure 7 compares the |8th harmonic radiation intensity 
mapeern of the 99.9, 8020) 40.0, and 0:1) cm top length 
trapezoidal functions. A top length of 939.9 cm approximated 
a level function and produced a level function radiation 
pattern. As the top length was shortened to #0 em, the 
mpeest Lobe envelope significantly changed with a large 
increase in the first interference lobe and smaller 
increases in succeeding lobes. The two remaining lobe 
envelopes were slightly broadened. Further shortening of 
the top length to 40 cm caused the first lobe envelope to 
reverse its trend, to shrink and disappear, and the second 
lobe envelope to decrease to one half its original peak and 
O 
to broaden. The third envelope lobe, centered near 30 , 
remained with the same peak and slightly broadened. 
Continued reduction of the top length to 0.1 cm caused the 
redevelopment of the first lobe envelope and the 


disappearance of the second lobe envelope; the result is the 
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triangular function radiation patterns Other trapezoidal 
function radiation intensity plots are contained in 


Appendix C. 


D. ROUNDED FUNCTION 

For the ist through &th harmonic, the rounded function 
interference lobes closely resemble the triangular function 
lobes. Again, the difference is that the first peak and 
subsequent peaks, to a lesser extent, are iess intense than 
the triangular function lobes. As the harmonic increases, 
the degree of intensity decline increases. At the 6th 
harmonic the peak of the first lobe ts one half of the 
triangular function’s first peak. This is the same result 
observed with the trapezoidal function. 

At the Sth harmonic, with the radiation wavelength the 
same length as the average width of the function, the 
interference lobes take on the characteristic of the Fourier 
transform of the rounded function shape. For timersgieh 
through 60th harmonic, the rounded function interference 
lobes are between the triangular and level functions 
previously described. Figure 8 compares the 30th harmonic 
radiation intensity patterns of the level, rounded, and 
trapezoidal. funct yons:. The side lobes are less supressed 
than in the similiar trapezoidal function or the triansulee 
if Uniciia ons. As.in the trapezoidal functtonwedase. se neous 


expected since the rounded function can be considered a 


28 


180888 .388 


LEVEL FUNCTION 


$0080.38 


8.2 38.8 68.8 98.8 128.8 
180888. 88 


ROUNDED FUNCTION TRAPEZOIDAL FUNCTION 


$8888.28 


| 


| 


8.28 a 4 ; 
8.8 38.8 68.8 98.8 8.8 38.8 68.8 98.8 128.2 
ANGLE (deg) ANGLE (deg) 
Figure 8. Level, Rounded, and Trapezoidal Functions 


30th Har nonic *Cb 75 “GHz.) 


Z9 


138888. 28 


ROUNDED FUNCTION TOP 


ROUNDED FUNCTION TOP 


u iS oa LENGTH = 38.8 CM 
65208.2a HH 
H 4 
| } | 
8.28 VANS AI-GAY- j lh, aL ANA. ii | I, 
; 8.8 38.98 68.8 98.8 8.2 38.98 68.8 98.93 128.9 
130880.a8 
ROUNDED FUNCTION TOP ROUNDED FUNCTION TOP 
W LENGTH = 78.9 CM LENGTH = 99.9 CM 
65088.38 | 
AH 
i i | 
i | 
2.00 Nh. AW P| IN A 
38.98 68.2 98.8 8.9 38.8 68.3 98.8 128.8 
ANGLE (deg) ANGLE (deg) 
Figure 9. 0.1,°30<0,! 70.0, tand 9959 iemafop Length 
Rounded Functions 18th Harmonic (0.9 GHz) 


30 


feaangle or gaussian with the sides pulled;out,,on,a 
rectangle with the sides pushed in. 

Further analysis was conducted at the 18th harmonic by 
ZEvnmeethentop hengih of (Ghe~funclLion from.99.9,to,.0.1 cm. 
Pucure 9 compares the radiation intensity.pattern of. the 
fee S020, 70.0, anda S99. 9ocm, top, length. rounded. functions. 
peecap kehig th) of 99. 9, cm approximated. a.level function and 
produced a level tunction radiation pattern. As the top 
length was shortened to 70 cm, the first lobe envelope 
Significantly changed with a large increase in the first 
interference lobe and smaller increases in succeeding lobes. 
This increase was approximately 40% larger than the increase 
experienced from the trapezoidal function. The second lobe 
envelope shifted 190 degrees towards the Cerenkov angle, and 
the third envelope was not changed. hurther jshortenins Loft 
the top length to 30 cm caused the first lobe envelope to 
Peverse its ‘trend, itosshrink and be. absorbed by the 
broadening second lobe envelope. The third lobe envelope was 
slightly broadened and remained centered near 90 degrees. 
Continued reduction of the top length to 0.1 cm caused 
suppression of the second lobe envelope and further 
broadening of the third lobe envelope. The result is a 
triangular function pattern with a supressed first lobe 
envelope. Others coundeds function, radiation, tntensity plots 


are contained in Appendix D. 


yl 


ae GAUSSIAN FUNCTION 

For the Ist through 3rd harmonic the Gaussian) funecurenr 
exhibited the characteristic geometrical radiation pattern 
from point charges traveling through a finite path length. 
As the harmonic increased, interference lobes approached the 
Cerenkov angle with decreasiny angle separation and with 
decreasing radiation intensity. However, with the 4th 
harmonic there was a transition to a pattern where ‘thie 

fe) 

radiation is concentrated in an envelope around 90 . The 
asymmetric lobe envelope is a narrow Gaussian function 
modulated on the Cerenkov radiation envelope. Trans ttaon 
was not expected until near the 6th harmonic where the 
radiation wavelength 1s approximately the same as the charge 
bunch length. One possible explanation is that because the 
Gaussian goes to zero at infinity, the etfective charge 


bunch length appears to be as long as the radiation 


wavelength of the 4th harmonic. Figure 10 usa radtratHen 
intensity plot for’ the 30th harmonics ( PS (Ghar Here the 
oO 


radiation around 90 is fully developed while that in the 
forward direction is completely suppressed. The* Fabrovor 
the peak height for the 30th harmonic compared to that for 
the fundamental frequency is about 1/5-~surprisingly large. 
The 54th and 60th harmonics could not be calculated 
because of computer limitations. Other Gaussian funetion 


radiation intensity plots are contained in Appendix Ee 
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F. LEVEL PLUS RIPPLE COMBINATION FUNCTION 

The level plus sinusoidal ripple combination function 
padtationdintensity pattern!is an amplification. of,the Level] 
mime t Loni pattern 3 The amplification is independent of angle 
and harmonic number. The degree of amplification depends on 
the ratio of the ripple amplitude to the level function 
height. Figure Ll compares the 30th harmonic radiation 
pubens tty!) patterns mots the level, function,,and 0.5/and 1.0 
aie litude ratwol-comba natron, functions), Hor. <<. nataes of O55 
mer anp | Aikicath om ise 2.2, sand: for alimatiao,of 1.0, the 
emplifiication is 440; 

Increasing the number of ripple cycles produced puzzling 
results. The amplification remained constant until the 
number of cycles reached |6, then the ampiification ceased. 
The resulting pattern was the same as a level function. 
Shortening the pulse to one half its original 100 cm length 
eranmsed theoctransitionspobnt to 8.cyeles. 

There was insufficient time to explore why the above 
results occurred. The unusual results warrant further 
studv. Other level plus ripple combination function 


radiation intensity plots are contained in Appendix F. 


G. MULTIPLE HUMP FUNCTION 
The multiple hump function is a combination of positive 


and negative level functions. Figure 2 descibes the 
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ecorbesponding form factor. The Form factor for a N Thump 
function is the first’ N terms of the equation  presentede 
The multiple hump function radiation intensity pattern 
was a modification of the level function pattern. The 
fourier transform of the multiple hump function is a 
combination of sinc’ functtons of asilonger seallie? thangtine 
level function transform. Manual calculations could not 


confirm, but it as believed) that the) produletiss of tthe 
ig 


~ 


individual transforms in®*?(kK) produce selective 
amplification of the level function radiation intensity lobe 
envelopes. 

For a two hump function, as the harmonic increased, the 
the first envelope lobes of the Ist through 5th harmonic 
were reduced compared to the level function. At) vthe «6h 
harmonic, with the radiation wavelength the same size as the 
overall function, this trend reversed. For the 6th through 
llth harmonic there is up to 5 times“ amplifteationvof tehe 
first envelope lobes. At the l&8th harmonic, with the 
radiation wavelength the same size as the individual hump 


width, a pattern unitque to the two hump function appears: 
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3% 


Oo 
le The wave envelope adjacent to the 930 main 
envelope is always amplified by a factor of 
approximately 3. 


Ae In going to 9 = 0, every 3rd suceeding envelope as 
amplified by a factor of approximately 3. ixamples 
are” the 30th and 48th  ‘harmonaer 


one If the envelope adjacent to © = 0 is not a multiplewar 
3, but Z envelopes away from the last amplified 
envelope, it is split to. form jal single Wobewandma 
narrower lobe envelope. Examples are the 24th, 42nd, 
and 60th harmonic. 


Figure 12 compares the 30th harmonic radiation intense 
patterns for a level function and multiple hump functions 
with 2, 3, and 4 humps. Increasing the number of ue has 
the following “effect : 


Le The amplification is displaced outward a number of 
envelopes equal to the number of humps minus 2. 


Ze As the amplification is displaced cutward, the degree 
of amplificatron?® inereasies: signaticant lye 


hes When the amplification is displaced to the envelope 
adjacent to 8 = 0, further increases in the number of 
humps causes amplification of the first several lobes 
in the envelope. Maximum amplification of the fms 
lobe occurs when the radiation wavelength is 
approximately twice the size of the hump width (e.g. 
SOOth harmonic, 10 humps). Continued increases in the 
number of humps causes a reduction of the envelope to 
form a level function radiation. intensity pattern: 
As the number of humps goes to infinity the multiple 
hump function approximates a level function. 


Other multiple hump function radiation intensity plots are 


contained in Appendix G. 
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A. INITIAL COMPARISON 

The radiation patterns of the 7 pulse shapes were 
compared from the perspective of determining pulse shape 
from a measured radiation pattern. The microwave frequency 
of 1.5 GHz, corresponding ‘to the 30th harmonic emission, can 
be readily monitored. At “this! frequeniey, the radiation 
patterns of the 7 pulse shapes can be divided into 4 groups. 
Figure 13 compares the 4 groups. [n each case the pulse 
shapes have the same charge and length. 
Triangle Functions 

Figure 13 shows the similarity of the two sept arnt. 
The Gaussian function radiation pattern is a narrow Gaussian 
lobe envelope centered near 9 = bo: The triangular 
function lobe envelope is the fourth power of a since 
re) 

Function also centered near 9 = 90. Both functions are 


modulated on the Cerenkov radiation envelope which varies 


Slowly near © = 90 , therefore what is primarily seen are 
cP | 


~ 


the effects of [{F(k)] . Manual calculations verified the 
zeroes of the triangular function envelope correspond to a 
sine function scaled to the average pulse width (i.e. one 
Dalf base length for a triangular shape). The fourth power 
Supresses the sinc function sidelobes and dominates over 


increases in the Cerenkov radiation envelope as 9 goes to QO. 
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The result is that the triangular function lobe envelope is 
very similiar to the Gaussian function lobe envelope which 
does not have sidelobes. 


2. Level and Kkevel Plus Ripple Sune eons 


The level function radiation pattern lobe envelope 
is the second power of a sinc function, centered near @ = 
au. and modulated on the Cerenkov radiation envelope. 
Manual calculations verified the zeroes and peak heights of 
the envelope. The level plus ripple function lobe envelope 
is a uniform amplification of the level function pattern: 
The amplification is neenen dene of harmonic and angle. The 
degree of amplification depends on the ratio.of tthe “mips 
amplitude to the level function height. Increasing the 
ripple frequency does not affect the amplification until a 
specific number of ripple cycles are within thegpultse, | then 
the amplification ceases. The reason for the abrupt 
ceasation of amplification is not known. From the 
perspective of determining pulse shape from a measured 
radiation pattern, the two function pattern shapes appear 
identical, differing only in the owerall intensi Gye 
Therefore, one could not determine which of the two pulses 
caused the radiation pattern without knowledge of the charge 
density. 

Figure 13 compares the two patterns. The level 
plus ripple is plotted on the same scale as the level 


function to show the uniform amplification. (Note: the 
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level and level plus ripple patterns are plotted on a 
different scale than the Gaussian and triangular function 
patterns. ) 

3. Multiple Hump Function 

The multiple “hump ‘functiven radtvation pattern is a 

Serectivetamplificatwon of the level funetion pattern. The 
number of humps determines which of the level function 
sidelobe envelopes are amplified and by how much. The 
fourier transforms of the level function combinations in the 


multiple hump function are sine functions of longer scale 


than the level function transform. It is hypothesized that 
9 


the longer scale sinc function, modulated on the 


established level function pattern, causes the selective 


amplification. Figure 13 shows the radiation pattern of a 
multiple hump function with 2 humps. hice tiesttyand? fourth 


sidelobes are amplified compared to the level function. 
Mote: Figure 13 level function, plot is~scaled differently 
than the multiple hump function plot.) 

4. Trapezoidal and Rounded Functions 

Figure 13 shows the similarity between the 

preapezoidal and rounded function radiation patterns. The 
two patterns are sinc function variations which are in 
between the level and triangular function patterns. Manual 
earculations of the zeroes,.of a standamd sinc function could 


moe find a scale. Length to fit the patterns; therefore, the 


Pacterns are not readily described by powers of the standard 
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Simic sue tao At 1.5 GHz, the two functions. haven smmmbalpimae 
sidelobe suppression which makes a pulse shape determination 
between the two diuffiveult: 
Bi. FURTHER COMPARISON 

In order to discriminate between the Gaussian and 
triangular, and the trapezoidal and rounded functions, tbe 
radiation patterns venerated at a different frequency were 
examined. Figure 14 contrasts the Gaussian and triangudiam 
function patterns at the Sth <harnonite, 0.9GHz. At the 
lSth harmonic, the Gaussian function retained its narrow 

QO 
envelope centered near 9 = 90. The triangular function 
envelope became verv broad and developed a second lobe 
3) 

envelope adjacent to 9 - O . The change in the trtangwilar 
function pattern reflects the change in sine funetion 
scaling, modulated on the Cerenkov radiation envelope. 

Figure 15 contrasts the trapezoidal and rounded 
functions. At the |l&8th harmonic, the difference in sidelobe 
magnitude between the two functions is more apparent. The 
rounded function stdelobes are taller than those for the 
trapezoidal. It is hypothesized the rounded fuction is a 
sinc function variant of the same scaling, but of a smaller 
power than the trapezoidal function. This smaller power 
value causes taller sidelobes. In addition, the placement 
of the initial sidelobe nearer to the maximum in the 


Cerenkov radiation envelope causes a taller sidelobe, 


and magnifies the difference between the two patterns. From 
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Phewperspective of determining the.pulse shape, the second 
fape envelope,of .the rounded. function is 40% of the 
antensity of the main lobe envelope, while the, trapezoidal 
Saidialtobe 2s only 10%. 
CG. ADDITIONAL OBSERVATIONS 

For each bunch shape; once the radiation pattern which 
mmcharacteristic of the Fourier transferm of the bunch 
shape is established, the 90 envelope peak height is nearly 
eons tant. 

Table 1 identifies for each charge bunch shape the 
harmonic which has the highest lobe peak, and the ratio of 
the 90. envelope peak height to the tundamental frequency 
peak lobe height. The level function and its derivatives 
have the same harmonic with the highest peak (1.e. 2nd); 
likewise for the triangular function and its derivatives 
miee. ord). However, the Gaussian function is the only 
function where the lst harmonic has the highest peak value. 
Each charge bunch shape produces significant radiated energy 
at  . With the exception of the Gaussian, this energy is 
15-16% of the fundamental frequency peak; for the Gaussian, 
an even larger 20%. 

Figures 7 and 9 show that varying the top length of the 
trapezoidal and rounded functions causes changes in the 
intensity of the forward direction lobe envelope. With the 


Gop length equal to 80% of the trapezoidal function base 


Mength, or 70% of the rounded function base length, the 
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forward facing lobe greatly increases and exceeds the 
Oo 
previously predominant 90 intensity envelope. 

With the exception of the Gaussian function, each charge 
DuMchssSucadtabiontipattern takes on the’ characteristic of the 
Fourier transform of the bunch shape when the radiation 
wavelength equals the average width of the shape. Le ws 
hypothesized that because the Gaussian function goes to zero 
meeintinity, its radiation pattern acquires the characteric 
Operhe Fourier transform of the pullse at a radiation 
wavelength longer than the charge bunch. 

The Cerenkov radiation envelope, which decreases as 8 
increases beyond 9c, causes normally symmetric envelopes to 

1) 


be asymmetric. Near 9 = 90 , the Cerenkov radiation 


envelope varies slowly, therefore what is seen are primarily 


iY) 


a 


the effects from [F(k) ]} 
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V. CONCLUSLONS AND RECOMMENDATLONS 


This work contains a large library of patterns in” tem 
r) 


90 region from various charge distributions that might be™ 
KC) ca 
encountered. Near @ = 90 the radiation intensity envelopes 


represents the square of the bunch form factor PUK) “wa 


the exception of the ftevel plus ripple, each bunch shape 


which should permit identification of the bunch shape 
through sidelobe analysis. The Level plus ripple bunch 
shape produces the same radiation pattern form as the Leve 


bunch shape; therefore, the radiation pattern could not em 
used to differentiate between the two. Several important 


results were: ° 

1. Varying the top lengths of the trapezoidal and rounded 
pulse shapes causes significantiy large enhancements 
of the forward Lobe envelope. 


1g, 


Rach bunch shape produces signiticant radiated ener 
90 to the side of the beam. The 90 peak of the 
ener®y is nearly constant for each harmonic of a 
particular bunch shape. 


To augment this preliminary research the following is 
recommended: 


i. Yetermine why the level plus ripple combination 
function behaves so unusally. Why is the 
anpliiacativon uniform, independentwof harmonic and 
angle, and yet abruptly disappears at a specific 


Co } 


number of cycles? 


es Contirme that sine functions of different..scale® cause 
the MUuberhump function’ s selective and non-uniform 
lobe envelope ampiification. 

on Determine why varying the top lengths of the 


trapezoidal and rounded pulse shapes causes 
Significant enhancement of the forward lobe envelope. 


AVS Determine why each pulse shape produces significantly 
Zs : rm : 3 ater 2) a i 
large radiation energy 90 to the side of the beam. 


wm 


< Determine the effects of changes in beam energy, pulse 
width, pulse frequency, and path length. 


&. Confirm the results found by mapping the microwave 
radiation measured at a comparable particle 
accelerator. 

The resuits presented did not take into account atmospheric 
attenuation and ground plane reflection {Ref. 4:p.1996)!. 
However, they do provide an excellent reference from which 
to begin to establish a method of determining the pulse 


shape of relativistic electron beams based on Cerenkov 


radiation patterns. 
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